Introduction
The main characteristic of the cornea is transparency that allows the light to pass through the lens into the retina, constituting the most powerful refractive tissue in the eye. Another important characteristic of this tissue is that it is densely innervated with sensory nerves mostly derived from the ophthalmic branch of the trigeminal ganglion [1, 2] . Recently, our laboratory has developed a modified method of immunofluorescence staining and imaging that provided, for the first time, a detailed map of the entire human corneal nerve architecture [3] . The nerves enter the cornea at the thickest layer, the stroma, in a radial pattern. To maintain its transparency, they lose their myelin. Subsequently, the nerve trunks divide into smaller branches to penetrate upwards into the epithelium and constitute the epithelial nerve network. There is intense innervation in the epithelium where the nerves reach as free nerve terminals (Fig 1) .
Many conditions can alter corneal innervation; among the most common are surgery, diabetes, infections, chemical burns, prolonged use of contact lenses, Sjogren syndrome and multiple sclerosis.
One of the consequences of nerve damage is injury to the ocular surface. Damage to corneal nerves decreases sensitivity and blink reflex. Loss of efferent sensory input to the lacrimal gland leads to diminished lacrimal secretion reduced nutritional support and produces a dry ocular surface [4] [5] [6] . Recent studies have shown that 70% of diabetes patients have corneal disorders [7] [8] . The patients experience a decrease in corneal sensitivity, recurrent corneal erosion, delayed corneal epithelial healing and persistent epithelial defect and neurotrophic corneal ulcers.
We were able to map the entire corneal architecture in a very recent study using human corneas from donors with insulin dependent diabetes. We found that in every age group there was a significant decrease in nerve density with diabetes [9] . We also found a major decrease of epithelial nerves in corneas of patients with 5 years or more of insulin dependent diabetes.
Refractive surgery is another frequently occurring source of nerve damage, due to the volume of these performed procedures. In a clinical study, recovery of corneal sub basal nerves was followed for 5 years in patients after refractive surgery with a confocal microscope. Dependent on the procedure used, it took between 2-5 years after surgery for the nerves to recover 80% of the original density [10] .
PEDF and DHA combination stimulate corneal nerve regeneration
Recent experimental and clinical studies indicate that omega -3 fatty acids appear to have a beneficial effect in dry eye conditions [11] [12] [13] . One of the most significant studies, with a recruitment of 32,470 participants in the Women's Health Study, shows a correlation of low dry eye syndrome in patients with higher intake of omega 3 fatty acids [14] . Another recent multicenter study shows that a nutritional supplementation for three months of enriched omega-3 eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids with a small proportion of omega-6 and antioxidants can reduce conjunctival inflammation in patients suffering from dry eye [15] . Resolvin E1 (RvE1), a mediator derived from EPA [16] , increased tear production and decreased inflammation in a mouse model of dry eye [17] . However, evidence as to which fatty acid or what combination of fatty acids or derivatives is more efficient in the treatment of dry eye disease is still not clear [18] . In addition, in pathologic situations in which cornea innervation is compromised, treatment with omega-3 fatty acids, although successful in alleviating the symptoms of dry eye, do not treat the underlying condition of alteration in the innervation.
Pigment epithelial derived factor (PEDF) is a 50 KDa glycoprotein with neurotrophic and anti-angiogenic properties that is expressed in eye tissues, including the corneal epithelium [19] [20] [21] [22] [23] . PEDF, as a potent and broadly acting neurotrophic factor, induces cell differentiation and protects neurons in the brain, eye, and spinal cord against a wide range of neurodegenerative insults including ischemia, axotomy, glutamate excitotoxicity and oxidative stress [24] [25] [26] [27] . In addition, in retinal pigment epithelial cells PEDF is a very potent inducer of the biosynthesis of neuroprotectin D1 (NPD1; 10R, 17S-dihydroxy-docosa-4Z, 7Z,11E,13E,15Z,19Z-hexaenoic acid) [28, 29] , a docosanoid biosynthesized from DHA with anti-inflammatory and neuroprotective actions [30] [31] [32] [33] .
An important finding from our laboratory has been that topical application of PEDF in combination with DHA increases nerve regeneration after experimental surgery that damaged the stroma nerves in rabbits [34] . Application of PEDF or DHA alone to the corneas did not produce significant changes in nerve regeneration. The combination of PEDF and DHA induces the biosynthesis of NPD1. Moreover, the treatment restores nerve sensitivity, increases epithelial wound healing, and promotes the regeneration of calcitonin gene-related peptide (CGRP) positive nerves, one of the main neuropeptides expressed by the sensory corneal nerves [35] . The data demonstrate the functionality of the regenerated nerves after PEDF plus DHA treatment.
Release of PEDF after corneal epithelial injury
Injury to the cornea promotes the biosynthesis of several growth factors [36] [37] [38] [39] [40] [41] [42] but it is not known how PEDF is affected. In our analysis of corneas after lamellar keratectomy we observe increase in the biosynthesis of NPD1 when the rabbits were treated with DHA; we hypothesize that PEDF could be released from corneas after injury [34] . In this context we investigated whether injury to the corneal epithelium promotes the biosynthesis and secretion of PEDF.
For these experiments we used rabbit corneas in organ culture. In this system we injured the epithelium, and when incubated in a media without growth factors the epithelial cells migrate and cover the wound in 48 h [43] . The media and epithelial cells of wounded and control corneas were collected and analyzed by Western blot. There was no release of PEDF to the media in control corneas; however a very significant release to the media occurred after injury (Fig 2A) . Immunostaining of cornea sections showed that normal corneas have strong PEDF staining mainly in the epithelial basal layer; 48 h after the injury, the noninjured area showed similar PEDF expression, while in the injured area staining was found in the superficial layer (Fig 2B) . The results suggest that there is release of PEDF after corneal epithelial injury. They also suggest that PEDF in the presence of DHA could synthesize NPD1, activating a PEDF receptor by an autocrine mechanism. A PEDF receptor has been identified containing a patatin-like phospholipase domain and four transmembrane domains. The receptor has been found in retina and retina pigmented epithelial cells [44] . Binding of PEDF to the receptor stimulates a phospholipase A2 activity that releases fatty acids [44, 45] .
There are very low amounts of DHA in the cornea [46] . Therefore, in order to stimulate the biosynthesis of NPD1 we postulate that DHA will need to be supplied. In fact, there is an increase of NPD1 biosynthesis in corneas treated with DHA in vivo, although we did not observe an increase in nerve regeneration with DHA alone [34] . We reasoned that nerve regeneration is not significantly increased when DHA is applied alone compared to treatment with both PEDF and DHA, because the proportion of NPD1 formed is much less than when both compounds are added to the cornea [34] .
PEDF action on AA metabolites
We also investigated if components of the arachidonic acid (AA) cascade were formed after injury and treatment with PEDF plus DHA. Previous work from our laboratory had established that corneal injury stimulates the biosynthesis of AA derivates such as platelet activating factor (PAF), prostaglandins, and the lipoxygenase metabolites 12-hydroxyeicosatetraenoic acid (12(S)-HETES) and 15-hydroxyeicosatetraenoic acid (15-(S) HETES) [47] [48] [49] [50] [51] [52] . We found a significant decrease in leukotriene B4 (LTB4; 5S, 12R-dihydroxy-eicosa-6Z, 8E, 10E, 14Z-tetraenoic acid) biosynthesis after corneal surgery in rabbits and PEDF plus DHA treatment for 1 or 2 weeks (Fig 3) . In contrast, the changes in lipoxin A4 (LXA4; 5S,6R,15S-trihydroxy-eicosa-7E,9E,11Z,13E-tetraenoic acid) were not significant. LTB4 is a chemotactic factor for PMNs in the cornea [53, 54] . The results suggest that PEDF plus DHA treatment, in addition to promoting nerve regeneration, has an anti-inflammatory action. In fact, corneas of rabbits stained with rose Bengal to determine if the epithelium and the conjunctiva were damage after lamellar keratectomy show no staining when treated with PEDF plus DHA compared to PEDF or DHA alone, [18] suggesting that the treatment reduces inflammation and produces a clear cornea.
PEDF action on DHA metabolites in corneal epithelial cells
As mentioned, previous studies in vivo have shown that treatment with PEDF plus DHA increase the biosynthesis of NPD1 [34] . In order to determine if biosynthesis of NPD1 would occur in the corneal epithelial cells, a human corneal epithelial cell (HCEC) line was use for the experiments [37] . The cells were incubated for 2 h with DHA to allow incorporation of the fatty acid in phospholipids, and afterwards stimulated with PEDF for 24 and 48h. Lipid extracts from cells and media were analyzed for NPD1 by LC-MS/MS. A significant increase of NPD1 biosynthesis in HCEC was observed after 24 and 48 h of PEDF stimulation (Fig 4) . There was also increased release of NPD1 to the media, similar to previously reported data in retinal pigmented epithelial cells [28] . The results raise several possibilities for NPD1 function; such as an autocrine signal on epithelial cells that protects the cells after injury. In fact, NPD1 induces cell survival in RPE and neuronal cells by mechanisms that upregulate anti-apoptotic proteins of the Bcl-2 family [30-33, 55, 56] . Another possible action is through a paracrine mechanism involving other corneal cells (e.g. stroma cells). A receptor for NPD1 still needs to be uncovered, but stereospecific binding sites had been reported in retinal pigment epithelial cells and human neutrophils [57] . A third possibility is that NPD1 could bind to proteins that facilitate its transport to corneal neurons to exert its action. The mechanism of corneal nerve regeneration by PEDF plus DHA treatment is not known, but our results imply that NPD1 has a major role. Importantly, recent unpublished experiments show that corneas from rabbits treated with NPD1 after surgery will regenerate their nerves to similar densities of PEDF plus DHA treated corneas [58] .
Biosynthesis of NPD1 occurs by the activation of 15-lipoxygenease-1 (15-LOX-1) [59] . To determine if in HCEC the biosynthesis requires 15-LOX-1, the cells were also incubated in the presence of the specific 15-LOX1 inhibitor (PD146146) when stimulated with PEDF, showing complete inhibition of NPD1 biosynthesis (Fig 4) .
The data reveals that PEDF acts through its receptor, probably to increase the release of DHA, then is converted to NPD1 by the action of 15-LOX-1 (Fig 5) .
Summary and Conclusions
Corneal sensory nerves are important to maintain tissue homeostasis. Several pathologies that damage the nerves induce a dry eye surface and can produce neurotrophic keratatis with consequences such as epithelial erosions, ulcerations, and in advances cases, corneal melting.
We have discovered that a combination of PEDF plus DHA induces a remarkable regeneration and return of functionality in corneal nerves after they are sectioned by experimental surgery. Here we discuss some of the most recent findings from our laboratory concerning the action of PEDF after corneal injury and the production of the DHA bioactive molecule NPD1 with anti-inflammatory and nerve regenerative properties. NPD1 could then constitute a new therapeutic agent to prevent serious consequences from corneal nerve damage. In the future it will be important to uncover the mechanisms by which NPD1 induces nerve repair. This will allow the designing of therapies that selectively manipulate its actions not only in corneal nerve repair, but in other disorders that affect the sensory peripheral nerves.
Fig 1. Entire architecture of human epithelial corneal nerves
Whole mount corneas were stained with neuro-β tubulin and images of the corneal epithelial nerves were acquired with a fluorescent microscope and merged together to obtain the complete architecture. In the right image there is a composed figure of the eye with the intense array of epithelial nerves.
Fig 2. PEDF expression in corneas after epithelial injury
Epithelial debridement wounds were made in a 7 mm area in rabbit corneas that were incubated for 48 h. A) Media was collected and analyzed by Western blot using a mouse monoclonal PEDF antibody from Santa Cruz (CA), cells were probed with β-actin antibody as a loading control. B) Corneas were fixed in 2% formaldehyde and cryostat sections were prepared. The sections were stained with the PEDF antibody and observed with a fluorescent microscope. DAPI was used to stain the nuclei. Anesthetized rabbits underwent a lamellar keractectomy and were then treated with PEDF plus DHA for 1 and 2 weeks as previously described [32] . Lipids were extracted from a corneal strip from the surgical area and quantification of LTB4 and LXA4 was determined with a LC-MS/MS. Values are average ±SD from four samples/condition; *significant decrease after treatment. Injury will increase release of PEDF from epithelial cells that by an autocrine mechanism will bind to its receptor. PEDF then stimulates the release of DHA. DHA appears in very low concentrations in the cornea, [44] therefore to induce its release in significant amounts requires DHA to be administered. Release of incorporated DHA from phospholipids is transformed by the 15-LOX-1 in NPD1. A proportion of NPD1 is also released from the epithelial cells to exert its anti-inflammatory and nerve regenerative properties.
